Magnetic phase diagram of a molecule-based ferrimagnet: weak ferromagnetism and multiple dimensionality crossovers by Miller, Joel Steven & Wynn, C. M.
PHYSICAL REVIEW B VOLUME 56, NUMBER 21 1 DECEMBER 1997-I
M a g n e t i c  p h a s e  d i a g r a m  o f  a  m o l e c u l e - b a s e d  f e r r i m a g n e t :  
W e a k  f e r r o m a g n e t i s m  a n d  m u l t i p l e  d i m e n s i o n a l i t y  c r o s s o v e r s
C. M . Wynn and M . A. Girju
Department of Physics, The Ohio State University, Columbus, Ohio 43210-1106
Joel S. Miller
Department of Chemistry, University of Utah, Salt Lake City, Utah 84112
A. J. Epstein
Department of Physics and Department of Chemistry, The Ohio State University, Columbus, Ohio, 43210-1106
(Received 16 June 1997)
A detailed study of the magnetic behavior of the molecule-based magnet, [MnOEP][HCBD], (OEP=meso- 
octaethylporphyrinato, HCBD=hexacyanobutadiene) from 1.7 to 20 K was performed. The earlier reported 
magnetic transition at 19.6 K, ascribed to a crossover from a one-dimensional Heisenberg-like ferrimagnet to 
a two-dimensional Ising-like antiferromagnet, is further probed via ac-dc magnetic studies consisting of dc 
magnetization as a function of field at various temperatures, and magnetization as a function of temperature 
with both field cooling and zero-field cooling. In addition, the ac susceptibility was measured as a function of 
temperature and applied dc field. The appearance of a nonzero out-of-phase component of the ac susceptibility 
in zero dc field at 8 K accompanied by a shoulder in the in-phase component indicates the presence of a 
magnetic transition near that temperature. Irreversibilities and a spontaneous moment observed below 4.2 K 
indicate an additional lower temperature transition. The ac and dc data allow a determination of the 
temperature-field phase boundaries around these transitions. Evidence of a tricritical point at 2 kOe and 19.6 K 
and a multicritical point at 9.5 kOe and 8 K is presented. The nature of the ordered states, along with the 
possible mechanisms responsible for the transitions, including dipole-dipole interactions, are analyzed. 
[S0163-1829(97)02446-6]
I. IN TRO D U CTIO N
The Mn(III)-porphyrin/cyanocarbon donor-acceptor fam­
ily of electron transfer salts has been of increasing interest in 
recent years.1-4 This family of quasi-one-dimensional (1D) 
molecule-based magnets are alternating S =  2, s=1/2  ferri- 
magnetic linear chains with relatively large intrachain inter­
actions ( |J1 >  50 K).5 Via synthetic chemistry it has been 
possible to subtly affect parameters such as intra- and inter­
chain exchange and local spin anisotropy thus shedding light 
on the fundamental mechanisms governing the magnetic in­
teractions, the effects of disorder, and also the effects of spin 
and lattice dimensionalities and dimensionality crossovers.
[Mn(III)OEP][HCBD], (OEP=meso-octaethylporphyri- 
nato and HCBD=hexacyanobutadiene) is important because 
it is one of the few members of the family showing no evi­
dence of structural disorder and/or glassiness.6 As such it is 
an important reference to which other more complicated 
members of the family may be compared. The compound 
consists of (S =  2) [M n(III)O EP]+ donor cations trans- 
^ 2-bonded to (s =  1/2) [HCBD] _ acceptor anions in a linear 
chain structure.1 Earlier studies7 revealed the presence of a 
magnetic transition at 19.6 K  attributed to a transition from a 
one-dimensional Heisenberg-like ferrimagnet to a two­
dimensional Ising-like state due to weak antiferromagnetic 
(AFM) exchange between chains forming a plane.
In this paper, we present a detailed study of the magnetic 
states of this compound at and below its transition at 19.6 K. 
Evidence is presented for magnetic transitions at 8 and 4.2 K
to weak ferromagnetic states. Based on ac and dc magnetic 
studies, a detailed phase diagram is constructed. Mechanisms 
responsible for the ordered states are discussed in light of 
recent evidence8 that dipole-dipole interactions are respon­
sible for the low-temperature ordering and resultant weak 
ferromagnetism in this compound and other members of the 
family. The outline of this paper is as follows. In Sec. II, we 
discuss the experimental apparatus and techniques, in Sec. 
I I I  we report the results of ac (in zero and finite dc fields) and 
dc susceptibility and magnetization studies. Section IV  con­
sists of a discussion of these data and presentation of the 
resulting phase diagram. Section V  summarizes our conclu­
sions.
II. EX PER IM EN T
Magnetization M  data were collected using a Quantum 
Design Model MPMS-5 superconducting quantum interfer­
ence device magnetometer with a continuous-flow cryostat 
and a 5.5 T superconducting solenoid. Susceptibility data 
were recorded on a Lake Shore Model 7225 ac susceptom- 
eter with an exchange cryostat and 5.0 T superconducting 
solenoid. Phase sensitive measurements were made using a 
lock-in amplifier. Previous studies7 revealed no frequency 
dependence of the ac susceptibility above the lowest attain­
able temperature of 1.7 K  and within the frequency range of
5 -10  000 Hz. All measurements were thus recorded at 1 
kHz. A dc bias field H  of 0 -2  T was used in addition to the 
ac field, which was kept at a constant 1 Oe. Calibration of
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FIG. 1. (a) In-phase ac susceptibility, x ' as a function of tem­
perature, T as measured in various dc fields (legend), (b) closeup of 
low-field data.
FIG. 2. (a) Out-of-phase ac susceptibility, x" as a function 
of temperature, T as measured in various dc fields (legend), 
(b) closeup of low-field data.
the absolute magnitude of the susceptibility along with de­
termination of the proper phases of the instrument were 
made using a HgCo(SCN) 4 paramagnetic material. The dc 
susceptibility, x dc, was taken as M / H . A ll magnetic data 
were taken on powder samples that had been sealed under 
argon in quartz EPR tubes to avoid contamination with air. 
The largest uncertainties in the magnetic data ( ±  2%) arose 
from the error in measuring the sample mass. Corrections for 
diamagnetism were made using x dia= ~4.83X10~4 emu/mol 
as obtained from Pascal’s constants.9 The diamagnetism of 
the quartz sample holders was separately measured and sub­
tracted from the data.
III. RESULTS
A. ac susceptibility
Both the in-phase, x'H( T), and out-of-phase, xH(T), com­
ponents of the complex ac susceptibility were measured as a 
function of temperature from 1.7 to 40 K, in constant dc 
fields ranging from 0 to 10 kOe (Figs. 1 and 2). In zero dc 
field, as previously reported,7 a maximum in x0( T) occurs at 
22.5 K  with a value of 0.42 emu/mol. A maximum in x"(T) 
occurs at 7.5 K  with a value of 0.006 emu/mol, along with an 
accompanying shoulder in x0( T). Direct current field depen­
dence of the both xH( T) and xH( T) occurs for H  >  2 kOe. 
As the dc field is increased from 2 to 9.5 kOe, the tempera­
ture of the peak in xH( T) decreases, and the magnitude of 
the peak increases. At 9.5 kOe, the magnitude of xH(T) is 
maximized, being 1.56 emu/mol at its peak temperature of
9.4 K. At 10 kOe, the magnitude of the peak in x'H( T) de­
creases relative to its value at 9.5 kOe, falling to a value of
1.00 emu/mol at its peak temperature of 9.0 K. The 7.5 K  
shoulder in xH( T) remains at a relatively constant tempera­
ture (within 0.2 K) for H < 9.5 kOe, above which it becomes 
difficult to distinguish the shoulder from the main peak. The 
magnitude of the 7.5 K  peak in x'H(T) increases as H is 
increased from 2 to 9.5 kOe, however, the peak temperature 
remains constant. The maximum value (0.52 emu/mol) of the
7.5 K  peak in x'H(T) occurs at 9.5 kOe. At 10 kOe, the 
magnitude of the peak in xH( T) decreases to 0.34 emu/mol, 
and the temperature of the peak decreases to 7 K. A shoulder 
in XH ( T) is evident for H >  2 kOe. It occurs at 19 K [near 
the main peak in xH' ( T) ] for H  =  3 kOe, and decreases in 
temperature with increasing field, eventually merging with 
the lower temperature peak in xH' ( T) .
Isothermal measurements of both xT(H ) and Xt(H ) for
0 <  H <  40 kOe were made at temperatures from 4.2 to 23 K  
(Figs. 3 and 4). At 19 K (below the previously determined 
transition temperature of 19.6 K), xT(H ) shows a maximum 
(0.52 emu/mol) at 9.1 kOe; the field of this maximum in­
creases as the temperature is decreased, reaching a value of
24.0 kOe at 4.2 K. The magnitude of the maximum in xT(H ) 
increases with decreasing temperature until ~ 9  K, after 
which it decreases in magnitude. x "T(H ) shows no signal 
above ~15 K, at which point it displays a narrow peak, ~2  
kOe wide, (maximum value=0.005 emu/mol) centered at 
8 kOe. As the temperature is lowered below 15 K, the peak 
broadens, and the field of the maximum increases, reaching a 
value of 20.4 kOe at 4.2 K. The magnitude of the peak 
in xT(H ) increases with decreasing temperature from 15 to 
~ 7  K, below which it decreases in magnitude.
B. dc m agnetization and  dc susceptibility
Previous isothermal studies7 of M  as a function of H for 5 
K <  T <  25 K revealed a rapid increase of M  (H ) near 10 kOe
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FIG. 3. Isothermal in-phase ac susceptibility, x ' as a function of 
field, H at various temperatures (legend).
at temperatures below 19.6 K, indicative of a metamagnetic 
transition. Figure 5 displays isothermal M (H ) curves for T 
< 5  K, revealing behavior resembling metamagnetism in 
which the magnetization is linear with field below a certain 
field and subsequently increases rapidly before approaching 
the saturation value of 16 800 emu G/mol expected for fer- 
rimagnetically aligned spins. At 4.2 K  and below, the initial 
linear part of the curve extends beyond 10 kOe (in contrast to 
the behavior above 5 K  for which the linear region never 
extends beyond 10 kOe), reaching ~20 kOe at 1.7 K. Be­
tween 1.8 and 2.2 K  the magnetization shows steplike behav­
ior in which M ( H ) increases abruptly near 15 kOe to 
~ 7  000 emuG/mol, then increases again near 22 kOe to
— 12 000 emuG/mol, after which it approaches saturation,
FIG. 5. Isothermal magnetization, M as a function of field, H at 
various temperatures (legend).
indicating a transition additional to the single metamagnetic 
transition observed at higher temperatures. At 1.7 K, the 
lowest attainable temperature, the magnetization increases 
linearly with field until it abruptly (data were collected in 50 
Oe increments near the transition yet no points intermediate 
to the low and high magnetization states were measured) 
jumps to —10 000 emuG/mol at 19 kOe, after which it un­
dergoes an inflection point near 25 kOe and 12 000 emuG/ 
mol before approaching saturation. The maximum observed 
(H  =  55 kOe) value of the isothermal magnetization at 1.7 K  
is reduced relative to the higher temperature curves displayed 
in Fig. 5, indicating the possibility of an additional transition 
for H >  55 kOe.
Three different types of isothermal hysteresis curves were 
observed from 1.7 to 40 K. Above 8 K, no irreversibilities 
were observed. From 4.2 to 8 K, the curves show irrevers­
ibility, but zero coercive field. A curve typical of this region, 
at 7 K, is displayed in Fig. 6. The curve shows irreversibility 
from 0 to 10 kOe, however, it is constricted at the origin with 
zero measurable coercive field. Below 4.2 K, the curves are
FIG. 4. (a) Isothermal out-of-phase ac susceptibility, x" as a FIG. 6. Full hysteresis loop showing magnetization, M  as a
function of field, H at various temperatures (legend), (b) closeup of function of field, H at 7 K. Inset shows a closeup of the low-field 
higher temperature data. data.























FIG. 7. Full hysteresis loop showing magnetization, M  as a 
function of field, H at 1.7 K.
constricted at the origin, but with nonzero coercive fields. 
Figure 7 displays a hysteresis loop with a coercive field of 
~ 4  kOe at 1.7 K.
The field-cooled (FC) and zero-field cooled (ZFC) dc sus­
ceptibilities were measured in various applied fields (Fig. 8), 
and showed a bifurcation near 4 K  that was independent of 
the measuring field. The remanent moment was measured by 
cooling the compound in a field of 40 Oe to 1.7 K, zeroing 
the field at 1.7 K, and recording the remanent magnetization 
as a function of temperature while warming. The remanence 
vanishes above 4.2 K  (Fig. 9).
IV. DISCUSSION
A. T ransitions in zero field
For H  =  0, previously reported7 magnetic studies indicate 
a transition at T =  19.6 K  from a 1D Heisenberg-like ferri- 
magnet to a system of two-dimensionally (2D) antiferromag- 
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FIG. 8. Field-cooled (FC) and zero-field-cooled (ZFC) dc sus­
ceptibilities as a function of temperature, T as measured in various 
fields (legend).
FIG. 9. Remanent magnetization as a function of temperature, 
T . Data were recorded by cooling in 40 Oe to 1.7 K, zeroing the 
field and recording remanence while warming. Solid line is a fit 
(3.4 T ^ 4.2 K) to a power law in reduced temperature. Dashed 
line (1.8 K ^ T ^ 3.2 K) is a fit to the D-M predictions for a canted 
antiferromagnet below its ordering temperature.
H= 2Jintra^ C Si,j’ Si,j+ 1 2Jinter^ C Si,j • Si
i, j i,j • i + 1j
(1)
where Jintra and Jinter represent the intra- and interchain ex­
change strengths respectively, and DS2zi is the contribution 
due to single-ion anisotropy. The previous work7 yielded val­
ues of Jintra=  -  172 K, Jinter=  -  0.4 K, and D -----3 K  (nega­
tive D corresponds to an Ising-like system). In this section, 
we analyze the zero-field data below 19.6 K, concluding that 
transitions additional to those expected for the 2D AFM  state 
(see discussion below) occur, indicative of further dimen­
sionality crossovers and additional terms in the Hamiltonian.
In theory, a magnetic transition is marked by a diverging 
magnetic specific heat. For an AFM, the susceptibility is 
related to the magnetic specific heat c, through theoretical 
relationships derived by Fisher10 relating it to the absolute 
value of the magnetic energy, d(xHT)/dT~c. Figure 10 dis­
plays the experimental d(x'HT)/dT  as a function of tempera­
ture as measured in zero and applied fields. Two peaks are 
observed in all curves, each slightly below the corresponding 
peaks in xH( T). These data indicate two transitions.
The peak at 19.6 K  in zero field represents the previously 
discussed 2D AFM  transition, while the smaller peak at 8 K  
supports an additional phase transition. Below 8 K, a non­
zero xH( T) is observed along with hysteresis in the M dc(H ) 
curves and a difference between the ac and dc data. These 
data are indicative of a spontaneous moment11 not expected 
in AFM  systems, suggesting the system is no longer behav­
ing as a simple AFM  and has undergone another phase tran­
sition. This 8 K  transition is consistent with the observation 
of a tricritical point at 19.6 K  and 2 kOe that indicates FM  
interchain interactions additional to the AFM  interchain in­
teractions (see next section). While some of the data suggests
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T(K)
where t is the reduced temperature ( Tc — T) /  Tc, and fi is the 
critical exponent determined by dimensionality. A best fit to 
this power-law behavior for 3.4 K  ^  T ^  4.2 K, Fig. 9, 
yields a critical temperature of Tc =4.2 K, with critical ex­
ponent f i = 0.31 ±0.02. For a three-dimensional transition, fi 
is expected to take values of 0.31 (3D Ising) to 0.37 (3D 
Heisenberg).14,15 The value of =0.31, along with the inde­
pendence of the FC/ZFC bifurcation point on measuring field 
indicate a transition at 4.2 K  to a 3D Ising-like system with 




FIG. 10. Derivative of x 'T  with respect to T as a function of 
temperature, T as measured in various fields (legend).
ferromagnetic character near 8 K, no evidence of a diverging 
x  (indicative of a pure FM  transition) including successful 
FM  scaling analyses collapsing M  (H , T) data to a universal 
curve, is found. These data, in addition to the constricted 
hysteresis curves similar to those observed in weak 
ferromagnets,12,13 suggest a weak ferromagnetic (or canted 
AFM) state below 8 K. The following addition to the Hamil­
tonian is proposed:
d-SiX Sj , (2)
where d is the Dzialoshinski-Moriya tensor. The bulk re­
sponse of the powdered material contains components both 
parallel and perpendicular to the weak ferromagnetic mo­
ment.
The dimensionality of the 8 K  transition is now discussed. 
While the irreversibilities in the data (x" of Fig. 2) indicate a 
spontaneous moment, bulk dc measurements (Fig. 9) show 
no remanence. The absence of a measurable remanence sug­
gests a 2D configuration in which the chains are coupled into 
sheets with spins on neighbor chains within the sheets canted 
relative to one another. Theoretically, such a configuration 
would give rise to a net moment within a sheet, which would 
give rise to losses and a nonzero x", but zero bulk dc mo­
ment as the sheets are not strongly correlated with one an­
other and the sum of their individual moments averages to 
zero in the bulk. We also note that a transition to a ‘ ‘soft’ ’ 
3D magnet, which would result in reversible magnetization 
giving rise to zero remanence, is not consistent with the data 
showing irreversibilities between 0 and 10 kOe (Fig. 6). The 
description as a 2D system is also consistent with the obser­
vation of a 3D transition at 4.2 K  (see below). Thus we take 
the x " at 8 K  and dc hysteresis loops with no remanence as 
evidence for a transition from a 2D Ising-like AFM to a 2D 
weak ferromagnet at 8 K.
Another transition is evident at 4.2 K. Below 4.2 K, a 
spontaneous moment is directly observed (Fig. 9) in addition 
to nonzero coercive fields, and differences in the FC and 
ZFC susceptibilities (Fig. 8). In theory, a spontaneous mo­
ment is related to the FM  order parameter and should vanish 
continuously at the critical temperature according to14
M  ~  t fi (3)
1  [ Si-Sj— 3 ( Sj-r)( Sj-r) / r2 ], (5)
r
where r is the distance between spin centers and J3d is the 
exchange interaction between spins in neighboring planes. 
The dipole interaction energy between planes is estimated to 
be ~  0.02 K (see Sec. IV  C), much less than the intralayer 
interactions. The lack of magnetic disorder is unusual in this 
family of metalloporphyrins.16
Similar to the behavior near 8 K, a traditional FM  scaling 
analysis was unsuccessful at 4.2 K. The lack of scaling, in 
addition to the constricted hysteresis curves below 4.2 K  
indicative of weak ferromagnetism, suggests a canted 3D 
state in which the sheets of chains with canted spins that 
formed at 8 K  are coupled three dimensionally resulting in a 
bulk weak ferromagnetic moment. The experimental low- 
temperature xH( T) Ref. 8 approaches a nonzero constant 
below ~  4 K  in accord with the Dzialoshinski and Moriya 
predictions for canted systems.17 The spontaneous moment 
of a canted system in its ordered state, and well below the 
critical region near Tc , is predicted using spin-wave theory, 
based on a two-sublattice model, to behave as
M ~ [  1 — V(T/Tc)2] ,  (6)
with t] typically near 0.48.18 A value of t= 0 .50 ±0 .02  was 
obtained from a fit of the low-temperature (1.8 K ^  T^  3.2 
K) magnetization to this function while fixing Tc at 4.2 K  
(Fig. 9). Thus, the remanence and FC/ZFC data indicate a 
transition from 2D weak ferromagnet to 3D weak ferromag- 
net at 4.2 K.
B. T ransitions in applied fields
In this section, we use our combined ac and dc data to 
map out the H -T  phase boundaries below 19.6 K. Analysis 
of the data indicate the presence of a mixed phase and both 
tricritical and multicritical points.
The behavior of an anisotropic AFM below its Neel tem­
perature, TN, has been well investigated.12 Below TN, such 
antiferromagnets undergo two first-order phase transitions as 
the external field is isothermally increased from zero, the 
first from an AFM to a mixed phase (consisting of a mixture 
of both ferro- and antiferromagnetic domains) and the sec­
ond from the mixed phase to a paramagnetic phase. If, in 
addition to the AFM interactions, there exist ferromagnetic 
interactions, then there will be a temperature below TN
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FIG. 11. Proposed phase diagram from ac and dc susceptibility and magnetization measurements. Based on peaks in d(x'HT)/dT (open, 
closed circles), disappearance of xH(T) (filled triangles), maximum slope in x'T(.H) (#), maximum slope in dMdc/dHT(H) (open squares), 
low-temperature steps in M (H ) (crosses). Lines are guides to the eye.
(known as the tricritical point), above which only one tran­
sition occurs as an external field is isothermally applied, a 
second-order transition from AFM to paramagnet.19 Below 
the tricritical temperature, both the AFM-mixed and mixed- 
paramagnetic transitions occur.
We utilize our x h(T) and x t (H ) data to map the H-T  
phase boundary. In Fig. 10, we observe the temperature of 
the larger peak in d(x'HT)/dT  decreasing monotonically as 
the measuring field is increased, similar to the expected be­
havior of the Neel temperature. As we did for H = 0, we use 
the peak in d(x'HT)/dT  (see Fig. 10) to mark the AFM- 
mixed transition temperature at each field (Fig. 11). This is 
consistent with other determinations of this H -T  boundary, 
as will be discussed later in this section.
Our determination of the AFM-mixed phase boundary via 
Xt(H ) is based on the following. In theory, when an external 
magnetic field of order of the AFM  exchange strength is 
applied to an Ising-like AFM in its ordered state, the sublat­
tice whose magnetization is opposite the field aligns with the 
field, giving rise to a sudden increase in the magnetization. 
The presence of a demagnetizing factor N , which reduces the 
internal field H t , relative to the external field according to 
H t = H  -  NM , suppresses the increase in M  and forces the 
creation of the mixed state. While in the mixed state, the 
internal field remains constant despite an increase in the ex­
ternal field, and the susceptibility is limited by 1/N . We thus 
use the point of maximum slope20 in our xT(H ) data (see 
Fig. 3), and also dM dc /dH T(H ), to mark the AFM- mixed 
transition. The previously reported7 dc curves are used to 
examine d M dc/ dHT(H) above 4.2 K. These results are dis­
played in Fig. 11. Both the ac and dc determinations coincide 
with the determination made using d(x'HT)/dT ; however, be­
low 8 K at which a second transition is evident (see discus­
sion below) the maximum slope in d M dc/ dHT(H) occurs at 
a lower field than xT(H ), i.e., the ac and dc data no longer 
coincide.
The mixed phase of a metamagnet consists of a mixture of 
both ferro- and antiferromagnetic domains. The transition 
from the mixed to the paramagnetic state should be marked 
by the disappearance of these domains, thus we use the point 
at which x " disappears to mark this boundary. Points using 
this criterion at the higher temperature shoulder of xH( T) 
(see Fig. 4) are included in Fig. 11.
Near 19.6 K, xH(T) vanishes for H s  2 kOe . The field 
dependence of both xH( T) and x H( T) occurs only for H a  2 
kOe . Interestingly, the curves of Fig. 11 indicate a tricritical 
point at 19.6 K  and 2 kOe, from which three phases (para­
magnetic, mixed, AFM) may be entered.
The temperature of the smaller peak in d(x'HT)/dT, which 
remains almost constant at T =  8 K  as the field is increased, 
is used to mark the additional H -T  phase boundary (Fig. 11) 
into the 2D canted magnetic state.
Noting the magnetic transition at 8 K, the phenomena at 8 
K and 9.5 kOe are of interest. Hysteresis in the isothermal dc 
curves is observed below 8 K and 9.5 kOe (see Fig. 6). In a 
constant field of 9.5 kOe, the main peak and smaller shoulder 
in x H(T) merge at a temperature of 8 K  (see Fig. 1). While 
the main peak in x H( T) remains at a constant temperature 
(7.5 K) for H ^  9.5 kOe, the peak temperature decreases for 
H ^ 9.5 kOe (see Fig. 2). The magnitudes of xH(T) and 
xH(T) are maximized at 9.5 kOe. The overall maximum 
value of xT(H ) occurs at 9.5 kOe at T~  8 K  (see Fig. 3). In 
general, at 8 K  and 9.5 kOe, the susceptibility is maximized. 
Examination of the proposed phase diagram of Fig. 11 sug­
gests that 9.5 kOe and 8 K  may mark a multicritical point, 
from which a variety of magnetic phases may be entered. 
This maximization of x  may be related to the coexistence of 
multiple phases.
The abrupt increases in the isothermal dc magnetization 
data below 4.2 K  (Fig. 5) indicate metamagnetism. In a 
metamagnet, interchain couplings are broken under the ap­
plication of a sufficiently strong field. Below 4.2 K  in our
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compound, the field o f maximum dM /dH  is observed to 
increase rapidly with decreasing temperature (Fig. 11), un­
like the behavior above 4.2 K  where it remains relatively 
constant (see Fig. 5 o f Ref. 7). Below 2.2 K, the two steps 
observed in M  ( H ) indicate an additional higher-field transi­
tion, also displayed in the phase diagram o f Fig. 11.
The nature o f the phase intermediate to the AFM  and 
paramagnetic states implied by the two transitions occurring 
below 2.2 K  is o f interest. Two different physical explana­
tions are considered: the existence o f multiple (greater than 
two) magnetic sublattices21 and the existence o f multiple 
metastable canting angles.22 The occurrence o f similar step­
like behavior in M  ( H ) has been observed in the linear chain 
magnets23 FeCl2 • 2H 2O, CoCl2 • 2H2O , and CoBr2 • 2H2O in 
which, similar to the [MnOEP][HCBD], the intrachain inter­
actions are significantly stronger than the interchain interac­
tions. Both four and six magnetic sublattices have been pro­
posed for these systems, in which only some subset o f the 
chains are rotated by a single field, as opposed to a simple 
two sublattice system in which all the chains o f antiparallel 
spins are rotated by a single field. The six sublattice model 
predicts the 3:1 ratio o f the saturation magnetization to that 
o f the intermediate state observed in the above family. For 
this reason, in addition to neutron data, the six-sublattice 
description is favored when describing this family.12 In con­
trast, the ratio o f the saturation magnetization to that o f the 
intermediate state in the [MnOEP][HCBD] o f ~  17/7 =  2.4 
(Fig. 5) is inconsistent with either a four or six multiple 
sublattice picture, which predict either 3:1, 3:2 or 2:1 ratios. 
In addition, the low-temperature magnetization data fits well 
with the predictions o f a two-sublattice model (Fig. 9). For 
these reasons, a multiple-metastable canting angle descrip­
tion, in which metastable configurations corresponding to 
different cant angles are achieved enroute to saturation, is 
more likely than the multiple-sublattice description.
At 1.7 K, the behavior o f M  (H ) changes relative to the 
behavior between 1.8 and 2.2 K. Two transitions are ob­
served, however, the lower-field transition (occurring at 19 
kOe) is extremely abrupt while the higher field transition 
(occurring at 25 kOe) is less abrupt and therefore more 
closely resembles a spin-flop transition. In addition, the mag­
netization o f the intermediate state is ~  10 000 emuG/mol as 
opposed to the ~  7000 emuG/mol observed between 1.8 and 
2.2 K. This change in behavior at 1.7 K  suggests yet another 
magnetic transition.
C. Interchain coupling and dipole-dipole interactions
The weak ferromagnetic states occurring below 4.2 and 8 
K  require net interchain interactions that are both 
antisymmetric18 and anisotropic. W e discuss the interchain 
exchange, single-ion anisotropy and interchain dipole-dipole 
interactions and their relative importance in creating these 
states. A  cross-sectional view o f the [MnOEP][HCBD] chain 
compound1,5 reveals four neighbor chains with two at a dis­
tance o f 8.02 A  and two at 12.33 A. The interchain exchange 
in most members o f the metalloporphyrin family, has been 
estimated to be negligible due to large interchain distances, 
the bulkiness o f the porphyrins, and the lack o f conjugation 
between the porphyrin and its substituent groups.8 The 
[MnOEP][HCBD] represents an exception in that its ex­
change has been estimated to be non-negligible8 ( ~  0.1 K) 
along one interchain axis and is presumed responsible for the 
2D AFM  ordering process occurring at 19.6 K. The ex­
change along the other interchain axis is expected to be sig­
nificantly weaker. On the other hand, previous studies8 have 
determined that the interchain dipole-dipole interactions 
have sufficient energy to influence the magnetic state o f this 
and other members o f the metalloporphyrin family near 10 K  
and below.
A  system o f chains coupled via dipole-dipole interactions 
will be anisotropic as a result o f the anisotropy o f this inter­
action. The competition between single-ion anisotropy, with 
its own preferred orientation o f the spins, and the anisotropic 
dipole-dipole interactions o f the chains allows the possibility 
o f canting.5,8 The interchain dipole energy between two S 
=  2 units separated by the interchain distance o f 8.02 A  is 
estimated at ~  0.02 K  using the point-dipole approximation. 
The single-ion anisotropy on the S =  2 site is estimated o f the 
order 1 K, 50 times larger than the dipole-dipole energy, and 
thus the dominant factor determining a preferred spin orien­
tation in this system.
According to the point-dipole approximation, the dipole- 
dipole energy decreases with distance as r —3, thus a rough 
estimate o f the relative strengths o f the dipole-dipole inter­
actions along the two interchain axes is given by 
(12.33)3/(8.02)3 =  3.6. This approximately 4 to 1 ratio sug­
gests that the interactions along the closer interchain axis 
become relevant earlier than those along the farther axis. 
Thus the transition at 8 K  is related to interchain dipole- 
dipole interactions along the nearer interchain axis, and the 
transition at 4.2 K  results from the 3D coupling, via the 
dipole-dipole interactions along the farther interchain direc­
tion, o f the sheets formed at 8 K.
V. CONCLUSION
Magnetization and susceptibility studies of 
[MnOEP][HCBD] reveal transitions at 8 K  and 4.2 K  (in 
zero field) in addition to the earlier reported 19.6 K  transi­
tion. The transition at 8 K, is marked by a shoulder in x ', the 
appearance o f nonzero x ", and dc hysteresis with no coercive 
field or spontaneous moment. The transition at 4.2 K  is 
marked by dc irreversibilities, the appearance o f a spontane­
ous moment and nonzero coercive fields. The disappearance 
o f the spontaneous moment is well fit by a power law in 
reduced temperature with the critical exponent f i =  0.31 indi­
cating a 3D Ising-like transition. The behavior o f the spon­
taneous moment sufficiently below Tc fits the two-sublattice 
canted antiferromagnetic description well.
The phase boundaries have been mapped using both ac 
and dc techniques. The resulting phase diagram shows the ac 
and dc boundary determinations to be self-consistent. A  tri- 
critical point has been identified at 2 kOe and 19.6 K. A  
multicritical point has been identified at 9.5 kOe and 8 K. 
Below 2.2 K  multiple magnetic transitions are evident. The 
data suggest that the transitions at 8 and 4.2 K  are to two and 
three dimensionally coupled weak ferromagnetic states, re­
spectively. Interchain dipole-dipole interactions are proposed 
as the cause o f the transitions.
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In summary, we propose the following description o f the 
evolution o f the magnetic state o f [MnOEP][HCBD]. At high 
temperatures (room temperature) the system behaves as 
Heisenberg-like ferrimagnetic chains. At 19.6 K, the sys­
tem is coupled into sheets o f Ising-like antiferromag- 
netically coupled chains due to single-ion anisotropy and in­
terchain exchange. At 8 K, the dipole interactions between 
chains within these sheets creates a system of 2D canted 
chains. At 4.2 K, these sheets are coupled into a 3D canted
system via dipole interactions along the farther interchain 
direction.
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